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TECHNICAL NOTE 4031 


STABILITY LIMITS AND BURNING VELOCITIES FOR 
SOME LAMINAR AND TORBULENT PROPANE AND 
HYDROGEN FLAMES AT REDUCED PRESSURE 
By Burton Fine 


SUMMARY 

The effect of reduced pressure on blowoff, flashback, and burning 
velocities of propane-oxygen-nitrogen burner flames was studied (oxygen 
fraction of oxidant, 0.5). The pressure exponent of burning velocity, 
0.22, was nearly the same as for hydrogen-air flames; stability loops 
showed the same blowoff and flashback characteristics as were previously 
observed for hydrogen-air flames. In particular, for both systems, 
quenching distances determined as a function of pressure from the points 
of intersection of flashback and blowoff portions of stability loops were 
considerably higher than those obtained previously by a stopped-flow 
method. 

Of the two systems, the hydrogen-air system showed larger burning 
velocity, greater stability toward reduced pressure, and higher reaction 
order, as calculated from a simple thermal equation, and the propane- 
oxygen-nitrogen system showed the larger reactivity based on flashback. 
For both systems, laminar and turbulent flashback followed the velocity- 
gradient concept. However, turbulent blowoff was successfully treated 
by a critical boundary velocity gradient for propane -oxygen-nitrogen 
flames, whereas for hydrogen-air flames neither laminar nor turbulent 
blowoff conformed to the velocity-gradient principle. 

Laminar flashback was studied for hydrogen-argon-"air" and hydrogen- 
helium -"air" systems over a range of pressures. These data contributed 
toward a general consideration of the pressure dependence of flashback 
for several fuel-oxidant systems . No relation was found between the 
critical boundary velocity gradient at 1 atmosphere and its pressure ex- 
ponent. However, the critical flashback gradient at a pressure of 1 
atmosphere and an equivalence ratio of 1 decreased exponentially with the 
reciprocal of the adiabatic flame temperature in the manner of a chemical 
reaction rate. 
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INTRODUCTION 

In. two previous studies stability limits and burning velocities of 
laminar and turbulent hydrogen-air burner flames were measured as a func- 
tion of pressure (refs. 1 and 2). The present study extended the flame 
measurements to several other systems . The first of these was a propane- 
oxygen-nitrogen system in which the oxidant fraction a defined as 


a » (1J 

^02 + ^N2 

was held constant and equal to 0.50 (symbols are defined in the appendix). 
The other two systems investigated were hydrogen-air systems in which 
nitrogen was replaced by argon and helium, (in this paper hydro gen- oxygen 
flames with argon and helium as a diluent and with the oxygen concentration 
in the oxidant mixture nearly the same as for ordinary air are referred 
to as hydrogen-argon~"air" and hydrogen-helium- n air" flames, respectively.) 

The propane -oxygen-nitrogen system was chosen for several reasons . 
First, the maximum burning velocity at 1 atmosphere (220 to 245 cm/sec) 
was fairly close to that of hydrogen-air flames (270 to 310 cm/sec). 

Second, laminar burning velocities had been measured at 1 atmosphere and 
near room temperature (311° K) by the total-area schlieren method (ref. 3). 
Thus, a check was available on burning velocities to be obtained at lower 
pressures by the same method. Furthermore, quenching distances and adia- 
batic flame temperatures were known over a range of subatmospheric pres- 
sures (ref. 4). Thus, it was possible to examine the effect on burner 
flame properties of changing the fuel and oxidant while holding burning 
velocity nearly constant. Generally, it was of interest to examine the 
extent to which relations and trends observed for hydrogen-air flames 
were reproduced. More specifically, it was desirable to observe whether 
a relation exists between chemical reactivity, as measured by the critical 
boundary velocity gradient for flashback, and flame stability, as measured 
by the approximate area within a stability loop. A final advantage of 
the system chosen lay In the fact that flames were intensely luminous 
down to the lowest pressures considered (0.058 atm), so that it was pos- 
sible to observe in Borne detail actual flame behavior at blowoff and flash- 
back. This was relatively difficult to observe with hydrogen flames, 
which are much less luminous . 

The other two systtems were chosen so that the effect of changing the 
diluent without changing fuel and oxidant might be examined. For these 
systems, measurements were confined to laminar flashback. 

The experiments done in the present investigation and In references 
1 and 2 have produced a consistent set of flashback data over a range of 
pressure for four fuel-oxidant Bystems. These data may be compared with 
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other results previously reported on the pressure dependence of flashback 
for various other systems . In the present study, the existence of two 
possible general relations has beep, considered: first, a relation between 

the pressure dependence of flashback and the critical boundary velocity 
gradient in some standard condition and, second, between some standard 
flashback gradient and the adiabatic flame temperature. 


APPARATUS AND PROCEDURE 

* 

The apparatus used was that described in references 1 and 2; it is 
shown schematically in figure 1. Burner flames were established within 
a chamber whose pressure was regulated by a vacuum pump and a manual air 
bleed. The pressure within the chamber was read on a manometer. The 
burner itself was 50 inches long and about 3/4 inch in diameter j it was 
water-cooled near the lip. Tubular inserts 1.459, 1.016, 0.546, and 0.311 
centimeter in diameter (about 5/8, 4/l0, l/4, and l/8 in.) were used. 

The two largest inserts extended the full length of the burner. The two 
smallest inserts were about 2 feet long. Tank propane (chemically pure) 
and hydrogen (98 to 99 percent Eg) were used without further purification. 

Three prepared oxidant mixtures were used: 50 percent nitrogen (by 

volume), 50 percent oxygen} 20.6 percent oxygen, 79.4 percent argon} and 
20.6 percent oxygen, 79.4 percent helium. The nominal composition of one 
oxidant mixture was verified by Orsat analysis. The combustible mixture 
was prepared by metering fuel and oxidant separately through calibrated 
critical-flow orifices, mixing taking place several feet upstream of the 
burner inlet. 

For measuring stability limits, a stable flame was first established 
at some pressure. Then the pressure was slowly increased or decreased, 
at constant mass flow, until the flame flashed back or blew off. The 
average stream velocity at which flame loss occurred was obtained as a 
function of ambient pressure, burner diameter, and nominal volume flow 
rate at the calibration pressure (about 1 atm) by the expression 



Ambient pressures were corrected to 0° C and standard gravity. This cor- 
rection was negligible for pressures greater than about 20 centimeters 
of mercury. Where blowoff as well as flashback data were sought, points 
were obtained in pairs as was done In the Investigation of reference 5. 

At low Reynolds numbers, near the quenching point, flames did not 
flashback sharply, but moved slowly back Into the tube. Often this move- 
ment was asymmetric and resulted in a tilted flame (refs. 6 and 7). In 
this region, the flashback pressure was taken as the pressure at which a 
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portion of the flame first dropped below the level of the burner rim. 
Because of the intense luminosity of the propane flames even at the lowest 
pressures studied, it was possible to observe the phenomenon of ’’partial 
blowoff". At a pressure about 1 centimeter of mercury higher than the 
pressure at which couplete blowoff occurred, a small portion of the flame 
base lifted from its stable position near the burner. Often this lifting 
was accompanied by a slow turning of the flame about a vertical axis . 

For hydrogen-air flames, it had not been possible to observe partial blow- 
off at low pressures quantitatively) hence, the criterion for blowoff 
had been taken as total loss of flame. For consistency, the same criterion 
was adopted in the present study. 

Laminar burning velocities based on the total area of the schlieren 
cone were obtained. The pressure within the combustion chamber (accurate 
to about .±0.2 cm Hg) was set at a desired constant value. Flames were 
established above the burner port and photographed by use of a high- 
pressure mercury arc which gave an exposure of about 5 microseconds) com- 
position was varied while pressure was held constant and total mass-flow 
rate was changed only slightly. Measurements were made at pressure levels 
of about 39, 19, and 12 centimeters of mercury) to avoid quenching effects 
(ref. 8, p. 75) burner diameter was increased as pressure was lowered. 

The method used for obtaining the total area of the schlieren image iB 
described in reference 1. 

Turbulent burning velocities were based on the mean surface of the 
visible flame brush. Measurements were made on photographic images and 
no correction was made for flame-front curvature. Values were obtained 
as described in reference 9 . 


BURNING VELOCITY AND STABILITY OF PROPANE-OXYGEN-NITROGEN FLAMES 

Burning Velocity 

Laminar burning velocities are shown in figure 2 as a function of 
composition at several pressures below 1 atmosphere. Also included are 
the data of reference 3, which were obtained in 1 atmosphere. The results 
for stoichiometric flames are shown cross -plotted as a function of pressure 
in figure 3, from which >it may be seen that present results at 39 and 19 
centimeters of mercury extrapolate to give previously observed values at 
1 atmosphere. Values obtained at 12 centimeters of mercury were slightly 
higher than expected. This may have been due to the fact that, although 
a larger burner was used at this low pressure and measurements were made 
as close to flashback as was feasible, there was a considerable dead space 
above the rim through which a small amount of fuel-air mixture might have 
diverged. If this point is neglected, a pressure exponent of 0.22 is 
obtained at an equivalence ratio of 1. If the point were not neglected, 
a slightly smaller exponent would be obtained, but the difference between 
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the two would not be significant. Burning velocities were also cross- 
plotted at equivalence ratios of 0.80 and 1.20. These cross plots gave 
the same value for the pressure exponent as was found for <p = 1.00. 
Furthermore , in both cross plots data points at 12 centimeters of mercury 
were slightly higher than expected. As shown in figure 2 , burning- velocity 
curves at the two lowest pressures appear to cross in the very rich region. 
This apparent crossing is almost certainly a result of experimental error 
and has no physical significance. It might be hoted that, although the 
experimental scatter in the present results at low pressures is reasonably 
small, about AS percent, it is much larger than that found for data pre- 
viously reported at 1 atmosphere. However, the previously reported data 
at 1 atmosphere had been subjected to a smoothing process, based on a 
method given in reference 10, which assumed that the flame surface was 
the same function of the flame base and height for all compositions and 
flows . No such assumption was made in the present measurements . 

The value obtained for the pressure exponent of burning velocity n 
may be compared with that obtained for hydrogen-air flames by the same 
method, 0.23. From extensive measurements based on pressure rise in a 
constant -volume bomb, it had been concluded that mixtures having similar 
burning velocities at a given pressure should show about the same value 
for the pressure dependence (ref. ll) . The two values for n given here 
are more than twice as large as those reported as obtained in a constant- 
volume bomb. However, the fact that they are nearly the same offers a 
limited corroboration for the proposal that chemically unlike combustible 
mixtures having similar burning velocities should show the same pressure 
dependence of burning velocity, provided that measurements for the dif- 
ferent systems are made by the same method. 

Turbulent burning velocities for stoichiometric flames are also shown 
in figure 3. They were obtained in a 1.016-centimeter burner at a Reynolds 
number of about 4000. They are discussed in connection with the mechanism 
of turbulent flashback. 


Flashback 

Flashback results for propane-oxygen-nitrogen flames are presented 
in figure 4 and table I. They are expressed in terms of a critical bound- 
ary velocity gradient for flashback which, in figure 4, is shown plotted 
logarithmically against ambient pressure. For 1 ami na.r flames this 
critical boundary velocity gradient may be evaluated in terms of a para- 
bolic velocity distribution to give 


8U f 


Sf 


(3) 
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For turbulent flames , evaluation of the critical wall gradient is based 
on the fact that, for fully developed pipe turbulence, the flow in a 
sublayer near the wall is laminar. The relation, which depends on empir- 
ical friction data, is often expressed as (ref. 12, p. 297) 

Sf;t = 0.023 Re 0 * 8 ^ (4) 


where Reynolds number is evaluated as 

( 5 ) 

The mixture viscosity p was calculated by the approximation (ref. 13) 

(Mi) 1 / 2 ] 

" = ^[OiCMi) 1 / 2 ] (6) 

Data are shown in figure 4 for equivalence ratios of 0.60, 0.80, 

1.00, 1.25, and 1.45 and for burners 1.459, 1.016, and 0.546 centimeter 
in diameter. Both laminar and turbulent regimes are represented. For a 
given fuel-oxidant mixture there are two ranges of data points for which 
the critical gradient is independent of burner diameter and for which 
log g f plotted against log P gives a pair of straight lineB, which are 

nearly parallel. (An exception to this behavior is observed for the 
richest flames studied; there the critical boundary velocity gradient is 
not independent of burner diameter (see fig. 4(e)).) This and nearly all 
other features of flashback curves had been previously observed for 
hydrogen-air flames . The line which gives the lower value of gf for any 

given pressure has been previously referred to as the line of normal 
laminar flashback. The line giving a higher value is the line of fully 
developed turbulent flashback. A large portion of the data for any given 
burner fall along these two lines. At very low Reynolds numbers, however, 
data for a particular burner deviate from the line of normal laminar 
flashback} as shown in figures 4(b), (c), and (d), the curve becomes 
flatter . This is the region in which flashback ceases to be a sharply 
explosive phenomenon. This flattening of the flashback curve has been 
interpreted, for hydrogen-air flameB, as being caused by partial quenching 
of the flame by the wall (ref. l) . The explanation seems to apply equally 
well to the present results . Data for a given burner also deviate from 
the line of normal laminar flashback at some higher Reynolds number, 
which represents the beginning of the region of laminar -turbulent transi- 
tion. In this transition region, as Reynolds number is increased flames 
flash back at higher values of the critical gradient, but the pressure at 
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flashback is nearly unchanged. The appearance of flames in this region 
of flashback at constant pressure confirms that laminar-turbulent transi- 
tion is indeed taking place: flames are generally laminar, but display 

an increasing frequency of turbulent pulsations with increasing Reynolds 
number. Finally, at some characteristic Reynolds number, flames become 
steadily turbulent} data break sharply upward and follow the line of 
turbulent flashback with further increase in Reynolds number. 

These four regions, the regions of partial quenching, normal laminar 
flashback, laminar-turbulent transition, and turbulent flashback, are 
indicated in figure 4. The extent of the transition region, that is, 
the crossover region from the normal laminar line to the turbulent line, 
is characteristic of the burner used. That is, for the 1.016- and 1.459- 
centimeter burners, the transition flashback region lies between Reynolds 
numbers of about 1500 and 2500. This range of Reynolds numbers corresponds 
to the transition region in cold flow, as verified by hot -wire -anemometer 
measurements (ref. 2). Thus, the onset of turbulence does not seem to 
be influenced by the presence of a flame. For the 0.546-centimeter burner, 
inlet conditions were unusually smooth and departure from laminar behavior 
was not achieved below a pressure of 1 atmosphere. As with hydrogen-air 
flames, critical flashback gradients in the transition region were cal- 
culated in the same way as for laminar conditions. This procedure has 
been justified in a previous publication (ref. 2). 

It might be noted that the beginning of the transition region is 
characterized by an actual drop in the flashback pressure of 2 to 3 
centimeters of mercury, after which the flashback pressure remains nearly 
constant. Reexamination of previous data shows that this initial small 
drop in flashback pressure had also been observed for hydrogen-air flames. 
No explanation for this behavior is offered at present. 

Pressure exponent of flashback . - The pressure exponents for laminar 
and turbulent flashback are obtained from the slopes of the normal laminar 
and fully turbulent lines. As is true for hydrogen-air flames, the pres- 
sure exponents for laminar flashback are independent of composition over 
the measured range. Results for laminar flashback may be expressed as 

S log Up 5 log g f , . 

t-= ==■ = ==■ = 1.13 (7) 

o log P d log P ' 

where 1.13 represents an average value. Results in the turbulent region 
show somewhat more scatter and, perhaps, a trend toward higher values with 
increasing equivalence ratio. However, the average value is 1.11, about 
the same as for laminar flames . Since data in the laminar region are 
probably more accurate than the turbulent -region data, the exponent ob- 
tained for laminar flashback is used in connection with both laminar and 
turbulent regions . The pressure exponents of the turbulent mean stream 
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velocity and critical boundary velocity gradients are related, through, 
equation (6), by the expression (ref. 2) 


5 log gf >t 
d log P 


0.80 + 1.8 


5 log g fj t 

d log P 


( 8 ) 


This gives a value of 0.19 for S log Uf^/d log P, in contrast with the 
value 0.29 observed for hydrogen-air flames . 

For many fuel-oxidant systems, critical flashback gradient, laminar 
burning velocity, and quenching distance are related by (ref. 14) 

g f cxUb/ D q ( Q ) 


Logarithmic differentiation of equation (9) at constant equivalence ratio 
gives 


S log g f d log Dq 

£ log P = n ~ § log P 


( 10 ) 


Hence, if combustion data for a given initial mixture are related by 
equation (9) over a range of pressure, corresponding pressure exponents 
are also related by equation (9). For the present propane-oxygen-nitrogen 
system, a pressure exponent for quenching distance of -0.93 has been 
observed at a stoichiometric fuel-oxidant ratio (ref. 4) . Comparison 
with presently measured exponents for U]-, and g f shows that equation 

(9) is satisfied within experimental error. By use of present burning 
velocity and flashback and quenching data from reference 4, the constant 
of proportionality in equation (9) was evaluated for an equivalence 
ratio of 1. This gave, for laminar flames, 

gf = 3.1 Ub/Dq (11) 


which may be compared with a coefficient of 2.6 obtained for hydrogen-air 
flames (ref. l) . The critical gradient is usually expressed in terms of 
a burning velocity and a penetration distance from the wall by the 
expression 


gf = Ub/S (12) 

The penetration distance 6 is the smallest distance from a cold wall at 
which a flame can maintain the normal burning velocity 1% corresponding 
to a given initial mixture and ambient pressure. Thus, comparison of 
equations (ll) and (12) shows that the coefficient 3.1 is consistent with 
the estimate that the quenching distance between parallel plates should be 
roughly twice the penetration distance (ref. 12, p. 286). 
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An over -all reaction order may be obtained from flashback data by a 
relation based on a simple thermal theory (ref. 15) and the assumption 
that an equation of the form of equation (9) is followed. The relation 
is as follows 


B log g f ^ _ E act a log T n/1 _ lS 

log P “ m " 1 + 2R d log P VTq + T q , 


(13) 


The activation energy E ac f is taken to be 40 kilocalories per mole. 

This value was consistent with the value of 24 kilocalories per mole 
chosen for hydrogen-air flames (ref. 15). Values of T a (2844° K) and 
d log Tn/a log P (0.0252) are obtained from adiabatic flame temperatures 
given in reference 4 for stoichiometric mixtures. Finally, Tn is related 
to a quenching temperature Tq by the empirical relation (ref. 15) 

T q = 0.8 T n + 0.2 T 0 (14) 


T q is thus found to be 2337° K at 1 atmosphere. By use of the measured 
average value of d log g f /d log P, 1.13, equation (l3) can be solved to 

give a reaction order m of 1.94. It should be noted that the last 
term in equation (13) represents a snail correction for the pressure 
dependence of flame temperature, so that to a first approximation the 
reaction is nearly second order, and the reaction order is given by 1 
plus the pressure exponent of the critical flashback gradient. 


Relation between laminar and turbulent flashback . - The value of 
(g^^TSfJp may be obtained directly from the lines of normal laminar and 


turbulent flashback shown in figure 4. Since for a given equivalence 
ratio these lines are not exactly parallel, probably because of experi- 
mental error, the value of (gf ^/gfjp ^ e P en ^ s slightly on pressure. Ac- 
cordingly, in figure 4 values are shown at a pressure of 30 centimeters 
of mercury, which is approximately the pressure at which the flow becomes 
turbulent in the intermediate-size burner. The average value of (gf f/gf)p 

is 2.8; this is in good agreement with results for hydrogen-air flames 
(ref. 2). In the present case, however, the value is not independent of 
composition, but increases with increasing equivalence ratio from 2.2 at 
<p = 0.60 to 3.5 at <p = 1.25. The effect of this is shown in figures 5 
and 6. In figure 5, the laminar and turbulent critical gradients are 
plotted as functions of equivalence ratio for an ambient pressure of 30 
centimeters of mercury. The laminar curve peaks at an equivalence ratio 
of about 1.05. The turbulent curve, however, does not appear to go 
through a maximum, but continues to increase rich of stoichiometric. This 
increase is reflected in the fact that (gf f/gf)p increases with in- 
creasing equivalence ratio, as is shown in figure 6. This behavior with 
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composition is somewhat different from that shown by hydrogen-air flames 
for which both the laminar and turbulent critical gradients peaked at 
about the same equivalence ratio. Although this behavior cannot be ex- 
plained at present, it may be related to other aspects of turbulent burner 
flames. It is well known, for example, that both turbulent burning veloc- 
ity rates and space conversion rates peak considerably rich of stoichiomet 
ric for hydrocarbon-air burner flames (refs. 9 and 16). 

Critical flashback gradients in the turbulent region are correlated 
by the relation 


Sf,t 



(15) 


where the increase in the coefficient over that given in equation (ll) 
represents the increase in the critical gradient with turbulence. This 
two- or threefold increase in the critical boundary velocity gradient for 
flashback with turbulence has been generally observed in the past, for 
instance for hydrogen- isooctane -air and propane -air flames (ref. 17). 
Furthermore, comparison of laminar flashback data given in reference 12 
(p. 293) with recent results for turbulent flames (ref. 18) showB that 
hydrogen-oxygen flames behave in a similar manner. Two interpretations 
have been offered for this generally observed increase. The first of 
these (ref. 17) maintains that, at flashback, a turbulent burner flame 
is stabilized in the turbulent portion of the boundary layer. Hence, 
the burning velocity governing flashback is not the laminar burning veloc- 
ity, and the simple velocity gradient model cannot be applied. The 
alternative interpretation (ref. 2) is that a turbulent flame is stabilized 
in the laminar portion of the boundary layer, and that turbulent flashback 
is related to the velocity gradient in the laminar sublayer. If the 
thickness of the laminar sublayer is l centimeter, then pipe friction 
data indicate that at flashback the stream velocity at a distance 1 
centimeter from the wall U cr is related to the mean stream velocity by 
the relation (ref. 2) 


U 


cr 


0.75 


U, 


Re 


0.1 


(16) 


For a pipe Reynolds number of about 5000, equation (16) becomes 

U cr = °- 3 Uf 


4 


(17) 
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Since flashback is presumed to occur when the stream velocity equals 
the normal burning velocity at some distance 5t from the wall, a neces- 
sary condition that a turbulent flame be stabilized in the laminar sub- 
layer is that, at any pressure, U cr at flashback exceed . It had 

been shown that this condition was met for hydrogen-air flames at a par- 
ticular pressure (ref. 2). Since the pressure exponent of the mean flash- 
back velocity (0.29) was nearly the same as the pressure exponent of 
burning velocity (0.23), the relations among U C r> Uf, Ub should 

have been nearly independent of pressure} therefore, the condition for 
flame stabilization in the laminar sublayer should have been met at all 
pressures. Furthermore, the measured increase in burning velocity due to 
turbulence was probably far too small to account for the increase in the 
critical flashback gradient. Under these conditions, then, the increase 
in the critical flashback gradient could be ascribed only to a decrease 
in the penetration distance 5 with turbulence. Thus, for both hydrogen- 
air and propane -oxygen-nitrogen flames the relation between laminar and 
turbulent penetration distances may be expressed as 

et - (£g) a (is) 

Although the foregoing explanation follows naturally from experi- 
mental data, it has several weaknesses . First, it assumes that the 
thickness of the laminar sublayer l is accurately known and independent 
of the presence of a flame. Actually, the value of l is uncertain, 
because a large part of the boundary layer in a pipe represents a region 
of transition from laminar to turbulent friction. The effect of the 
presence of a flame is likewise unknown. Second, the validity of the 
observation that the pressure dependence of the mean flashback velocity 
is about equal to the pressure dependence of burning velocity may depend 
on the method used for measuring the burning velocity. That is, according 
to reference 11, the pressure exponent for burning velocity of hydrogen- 
air flames is about 0.1j_ this value is significantly smaller than the 
pressure exponent for Uf and, by equation (16), U C r- Thus, according 
to reference 11, U cr decreases more rapidly with decreasing pressure than 
Utj, so that at some low pressure the condition no longer holds. 

A third weakness lies in the difficulty of determining the effect of a 
large change in an indirectly defined property, the penetration distance, 
on a closely related directly defined property, the dead space at the wall, 
which cannot be measured directly. That is, there is no adequate quali- 
tative line of reasoning that would suggest that the dead space at the 
wall, as approximated by the penetration distance, should decrease markedly 
with turbulence. Finally, the possibility exists that the mean flame 
surface is not the most significant surface for determining turbulent 
flame speed, but that some smaller surface, perhaps the inner flame sur- 
face, is more significant. If this were so, then the turbulent burning 
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velocity could exceed the laminar burning velocity by an amount sufficient 
to account for the increase in gf. Thus, one of the two arguments in 

favor of a decrease in penetration distance with turbulence would not be 
valid. 

In any event, the laminar sublayer model appears to apply about as 
well to the present system as the hydrogen-air system. By equation 
(10), the pressure exponent of the mean stream velocity at flashback is 
0.19, which is in good agreement with the presently measured value of n, 
0.22. Thus, the condition U cr > Uv, should hold at flashback. Further- 
more, even if calculations based on pipe friction in cold flow are not 
valid, figure 3 shows that over the measured range , t/^b — 1 * ^ ^ 

with hydrogen-air flames, this increase in burning velocity is much too 
small to account for the increase in g^ with turbulence. 

One further comparison might be made between the behavior of the 
present system and hydrogen-air flames . At any pressure , the critical 
boundary gradient for flashback is considerably higher for propane-oxygen- 
nitrogen flames than for hydrogen-air flames . This is true even though 
hydrogen-air burning velocities are slightly higher than those for propane- 
oxygen-nitrogen flames . The behavior of g£ does seem to follow adia- 
batic flame temperatures more closely, which at 1 atmosphere are 2844° K 
for propane- oxygen-nitrogen flames (ref. 6) and 2380° K for hydrogen- 
air flames (ref. 4). This correspondence is treated more extensively 
in a later section. 


Blowoff 

In figure 7 are shown the flashback and blowoff portions of stability 
loops at an equivalence ratio of 1 for burners 1.459, 1.016, and 0.546 
centimeter in diameter. The data are given in table II. For the present 
system the blowoff portion as well as the flashback portion reproduces 
qualitatively the features displayed by the stability loops for hydrogen- 
air flames. In the laminar region the blowoff curve goes through a 
minimum} that is, there is a point on the blowoff curve where 
d log P/d log Ubo is zero. On the low Reynolds number side of this 
minimum lies the region of partial wall quenching} on the other side is 
the normal laminar region. As with hydrogen-air flames, the normal laminar 
region is not well defined} a log-log plot shows considerable curvature. 
Furthermore, there is no definite break in the curve corresponding to the 
laminar-turbulent transition region. The curves do break sharply upward, 
however, with the onset of fully developed turbulence. This break occurs 
at about the same Reynolds number for blowoff as for flashback. For the 
0.546-centimeter burner, the onset of turbulence was made to occur at a 
lower Reynolds number by loosely packing the burner inlet with steel wool. 
Results are shown in figure 7(c) with and without inlet packing. 



4461 


HACA TN 4031 


13 


Turbulent blowoff data are adequately represented by straight lines, 
as shown in figure 7. Thus, the curvature shown by turbulent blowoff 
curves for hydrogen-air flames is hot observed for the present system. 

Also, turbulent blowoff curves are nearly parallel to corresponding 
flashback curves . Finally, at any given pressure, turbulent blowoff data 
are nearly independent of burner diameter. That these three conditions 
(ref. 2) are met suggests that turbulent blowoff data may be correlated 
by a critical boundary velocity gradient defined as 

Sbo,t “ °‘ 023 Re0,8 TT (19) 

even though the corresponding gradient for laminar blowoff 

Sbo - 8 % (2°) 

might not be satisfactory in the laminar region. The quantities g^g 
and gbo^t are si 10 ™- plotted as functions of pressure in figure 8. Also 

included are laminar data for a burner 0.311 centimeter in diameter. 

These critical blowoff gradients are also given in table H. Data in the 
region of partial wall quenching are omitted, however. The correlation 
in the laminar region is unsatisfactory; results are not independent of 
burner diameter. However, the correlation in the turbulent region is 
much more satisfactory. The measured slope of the line, 1.30, is 
reasonably close to the average slope for flashback, 1.13. For hydrogen- 
air flames, turbulent blowoff was not correlated by gbo,t > blowoff curves 

showed a strong dependence on burner diameter. The cause of this dif- 
ference in behavior is not known. 

One other point of comparison may be noted. Figure 9 shows stability 
loops for propane -oxygen-nitrogen and hydrogen-air flames superimposed 
for equivalence ratios of 1.00 and 1.50 and for a 1.459 -centimeter burner. 
For both systems the compositions chosen correspond approximately to maxi- 
mum laminar reactivity (assuming gj. is a measure of flame reaction rate) . 

Even though the propane -oxygen-nitrogen system shows a higher reactivity, 
since it shows a higher value of g f for a given pressure, its over-all 

stability based on the area within the stability loop is less. In fact, 
it is less stable toward both flashback and blowoff. The difference in 
stability toward turbulent blowoff is particularly marked. Thus, the 
results show that a greater reactivity is not necessarily accompanied by 
greater stability toward the effect of pressure. 

A portion of a stability loop for laminar stoichiometric acetylene- 
air flames Is also shown in figure 9 . Since in reference 5 no loop is 
given for a burner diameter of 1.459 centimeters, the present construction 
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is a rough estimate based on interpolation of a few characteristic points. 
The pressures at the quenching points and the minimums in the blowoff curves 
were assumed to occur at the same mean stream velocities for all burner 
sizes. These stream velocities were 70 and 200 centimeters per second, 
respectively. Log-log plots of each set of_pressures against burner diam- 
eter were linear, so that values for a 1.459 -centimeter burner could be 
obtained by interpolation. The log-log slope of the flashback curve in 
the normal laminar region was taken as 0.77, the value obtained in ref- 
erence 5 for the 0.71-centimeter burner. The flashback curve included 
a region of partial quenching, which is shown by the loops in reference 
5. The break in the flashback curve was made to occur at the same 
Reynolds number (represented by P X U for a given burner diameter and 
initial mixture) as the minimum in the blowoff curve. The resulting 
stability loop is roughly similar to those given in reference 5 and 
probably is qualitatively correct. It appears, then, that acetylene- 
air flames having a maximum burning velocity of about 150 centimeters 
per second (ref. 6) are more stable toward blowoff than the other two 
systems considered, but, in most of the normal laminar region, show con- 
siderably less reactivity based on flashback. 


Quenching Distance 

It is pointed out previously that for a given burner the flashback 
and blowoff curves intersect at a point q (fig. 7), which gives the value 
of the quenching diameter for the pressure at the point of intersection 
(refs. 5 and 8, p.'19). If points of intersection are obtained for 
several burners, .the quenching diameter can be plotted as a function of 
pressure. This has been done for several systems (ref. 8, p. 2l), and 
most recently for the hydrogen-air system (ref. 2) . In the present study 
the stability loops for 1.016- and 1.459 -centimeter burners were closed 
by a reasonably short extrapolation to the point q. For the 0.546- 
centimeter burner the range of flows obtainable was not sufficiently large 
to close the loop. However, the available data give a fair estimate of 
the pressure at which the flashback and blowoff curves should intersect. 
Results are shown In figure 10 for the present system and for the hydrogen- 
air system. Also shown are results for the same systems as those of ref- 
erences 15 and 4 but obtained by a different method. In this method a 
stable flame was established at some pressure. The flow was then cut off, 
and it was carefully determined whether the flame did or did not flash 
back. The quenching pressure was then taken as the highest pressure at 
which a flame did not flash back for a given burner size. These values 
were corrected to give the quenching diameter. The correction factor used 
was the theoretical one (ref. 19). Both methods give lines which are 
roughly parallel and correspond to a pressure exponent of about -1. How- 
ever, for both systems the method of stability loops gives considerably 
higher values of the quenching distance at a given pressure. The coeffi- 
cients relating the critical boundary velocity gradient for flashback with 
the quotient U^/d^, 2.6 and 3.1, for hydrogen-air and propane -oxygen- 

nitrogen f lame s, respectively, were determined using data obtained by the 


4461 



HACA TN 4031 


15 


stopped-flow method of measuring quenching distance. If stability-loop 
data are used, the resulting coefficients are 4.8 and about 5.3. The value 
for the propane- oxygen-nitrogen system is a rough one, since quenching 
curves by the two methods are not exactly parallel, and the logarithmic 
difference is not the same at all pressures. On the basis of the simple 
theory that the quenching distance between parallel plates should be 
about twice the penetration distance defined by equation (4), the co- 
efficients obtained by use of stopped-flow quenching data are the more 
reasonable . 


FLASHBACK OF HYDROGEN-AIR FLAMES 

In figures 11 and 12 and table III are shown critical flashback 
boundary velocity gradients for hydrogen-argon-''air" and hydrogen-helium- 
"air" flames as a function of pressure for several burners . The data 
are only for the normal laminar region. For hydro gen-argon-" air" flames 
a composition range from <P = 0.90 to tp ** 2.25 is covered. For hydrogen- 
helium-"air" flames data are shown at equivalence ratios of 1.10 and 
1.50. Results are independent of burner diameter, except for the richest 
mixture studied (cp = 2.25). This dependence on burner diameter was ob- 
served for the other systems studied with rich mixtures . The dependence 
is not consistent, however. That is, for hydrogen-air flames, the smaller 
burner gives a larger gradient at a given pressure. For propane-oxygen- 
nitrogen and hydrogen-srgon-"air" flames, however, the opposite dependence 
is observed. Since the lines for different burners are parallel, this 
burner dependence does not affect the determination of the pressure 
exponent . 

It should be first noted that flashback data for hydrogen-heliura- 
"air" flames are almost coincident with those for hydrogen-argon- "air" 
flames and that both systems give, at any pressure, a value of gf about 

twice as great as that observed for the hydrogen-air flames (ref. l) . 

At first it seems surprising that reactivity of hydrogen-helium-"air" 
mixtures, based on flashback, is no greater than that of hydrogen-argon- 
"air" mixtures, in view of the much larger burning velocity shown by 
helium "air" (ref. ll) . However, gf is proportional to the quotient of 

burning velocity divided by quenching distance; it is well known that the 
effect of using helium as a diluent in a combustible mixture is to increase 
the quenching distance and, therefore, the penetration distance as well as 
the burning velocity (ref. 20) . Present results indicate that the two 
are increased by about the same amount so that by equation (12) the change 
in g f is not significant. This increased quenching distance may be 

observed, indirectly, through the fact that the visible dead space above 
the rim of a hydrogen-helium-"air" flame is noticeably larger than for 
flames involving other diluents . The correlation of gf with burning 
velocity and quenching distance has not been attempted for these systems 
because precise values for quenching distance at reduced pressures are not 
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available. Furthermore, burning velocities for helium flames are probably 
unreliable when obtained by a Bunsen burner method because of the extremely 
large dead space above the rim associated with the large quenching 
distance . 

Adiabatic flame temperatures for hydrogen-argon-"air" and hydrogen- 
helium-” air" flames are the same for a given mixture at a constant pres- 
sure. This is because molar specific heats for the two diluents are 
identical to the degree of approximation used in calculating flame tem- 
peratures. For a stoichiometric mixture at 1 atmosphere a value of 2640° 

K is obtained, while 2380° K is obtained for the hydrogen-air flame. It 
appears, then, that within the hydrogen-oxygen-inert triad considered, 
there is at least a rough corresponderice between gf and the adiabatic 

flame temperature . 

The slopes of the flashback curves give an average value for 
d log g-p/S log P of 1.51 between equivalence ratios of 1.10 and 1.80. 

At an equivalence ratio of 0.90, the value is somewhat higher, 1.68. This 
is consistent with the behavior of lean hydrogen-air flames. In refer- 
ence 1 a pressure exponent of 1.99 is reported for an equivalence ratio 
of 0.80 for hydrogen-air flames, whereas between 0.95 and 2.25 an average 
value of about 1.35 is reported. For the hydrogen-argon-"air" system at 
an equivalence ratio of 2.25, a lower value is obtained, 1.22. Since 
critical flashback gradients were strongly dependent on burner diameter 
at this equivalence ratio, the exponent obtained is probably not com- 
parable to those obtained at leaner equivalence ratios and is not included 
in the average. Therefore, using the value 1.51 for the pressure ex- 
ponent of flashback, one can obtain a reaction order m by equation (15) . 
At 0.1 atmosphere the adiabatic flame temperature for a stoichiometric 
hydrogen-argon-"air" flame is 2477° K. Combination of this value with 
the value of 1 atmosphere gives d log Tn/d log P = 0.029. If an activa- 
tion energy of 24 kilocalories per mole is used and the usual assumption 
is made relating T n and Tq, a value of 2.37 is obtained for m. This 
is slightly higher than the value obtained for the hydrogen-air flame, 

2.25. 


Figure 13 shows a cross plot of gf as a function of equivalence 

ratio at constant pressure for pressures of 76 and 30 centimeters of 
mercury. At an equivalence ratio of 2.25, gf was considerably different 

for the two burners used. Curves are extended through data points for 
the larger burner in order that the two curves be similar in shape, each 
showing a single maximum. The maximum occurs at about 39 percent hydrogen, 
which agrees with the result for hydrogen-air flames. Thus, it appears 
that the composition of maximum reactivity is independent of the diluent. 



NACA TH 4031 


17 


RELATION OF FLASHBACK TO OTHER FLAME PROPERTIES 

On the basis of detailed flashback results for four different fuel- 
oxidant systems , it becomes of interest to examine these and other flash- 
back data available in the literature for the purpose of finding such 
general relations as may exist. Two possible relations are immediately 
suggested. The first is a relation among fuel-oxidant systems between 
the critical boundary velocity gradient for flashback at some reference 
condition and the pressure exponent for flashback. This would be analogous 
to the relation between burning velocity and the pressure exponent of 
burning velocity. Since the pressure exponent for flashback is closely 
related to the reaction order,, such a relation would give the reaction 
order as an apparent function of the reaction rate. Second, if gf does, 

indeed, represent a reaction rate, then some general relation should exist 
among fuel-oxidant systems between gf at some reference condition and 

the adiabatic flame temperature, also at a reference condition. 

The available data are summarized in the following table 


System 

°K 

sec -1 

(^0.857 

B log gf 
d log P 

Tn Ob- 
tained 
frcm 
ref. - 

g® Obtained 
from ref. - 

Ms thane - 
air 

2214 

400 

170 


22 

12 (p. 299) 

Propane- 

air 

2253 

600 

240 

**0.75 

22 

12 (p. 300) 

Ethylene- 

air 

2362 

1,600 

560 

1.02 

22 

7 

Acetylene - 
air 

2595 

5,700 

1,690 

.77 

23 

5 and 8 (p. 19) 

Propane - 
oxy gen- 
nitrogen 

2844 

15,100 

3,850 

1.14 

22 

This work 

Propane - 
oxygen 

3050 

52,000 

10,950 


8 

(p. 279) 

12 (p. 300) 

Acetylene - 
oxygen 

3333 

148,000 

27,350 

1.47 

This work 

12 (p. 294) 

Hydrogen- 

air 

2380 

8,500 

2,320 

1.35 

22 

12 (p. 292) 

Hydrogen- 

argon- 

"air" 

2640 

18,000 

4,470 

1.52 

This work 

This work 

Hydrogen- 

helium- 

”alr n 

2640 

18,000 

4,470 

1.50 

This work 

This work 

Hydrogen- 

oxygen 

3080 

120,000 

22,650 



This work 

12 (p. 293) 

Carbon 
monox- 
ide -air 

2380 

300 

135 

0.67 

24 

24 


‘‘Value for butane-air system (ref. 2l). 
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which lists gf for stoichiometric mixtures at a pressure of 1 atmosphere, 
adiabatic flame temperatures, and various values of S log gf/5 log P. 

In addition, values of (g!^) 0 * 00 ^ are given, because it has been shown 

(ref. 14) that for very many systems Ub/Dq, the quantity proportional 
to a reaction rate, actually correlates with (g^) 0,057 . For the propane- 
air, propane-oxygen, and methane-air systems the values of gf a re ob- 
tained from reference 12 (pp. 299 and 300)j the value of 5 log gf/c) log P 

given for the propane-air system is actually that for the butane-air 
system obtained from reference 21. For the ethylene-air system entries 
in the table are based on flashback data given in reference 7 . In that 
paper flashback is expressed in terms of volume flow as a function of 
composition at several pressures. These data were recalculated and cross- 
plotted to give the mean stream flashback velocity as a function of 
pressure, from which the log-log slope was obtained. The value of gf 

at 1 atmosphere was determined by extrapolation. The entries for the 
acetylene-air and acetylene-oxygen systems were obtained from stability 
loops given In reference 3 and were based on data for. a 0.71-centimeter 
burner . That was the largest burner for which log Uf was linear with 

log P over a sufficiently long range. Again values for gf at 1 atmos- 
phere were obtained by a short extrapolation. Entries for carbon 
monoxide - air flames are based on the data given in reference 24. In that 
study gf was measured at pressures from 1 to about 100 atmospheres, with 

the use of very carefully dried carbon monoxide^ adiabatic flame temper- 
atures were calculated over the same pressure range. The pressure ex- 
ponent given in the table was obtained by cross-plotting data at several 
concentrations against pressure. The value found was constant over a 
range of concentration which included stoichiometric conditions (about 
30 percent carbon monoxide) and the concentration at which gf maximized 

(about 45 percent carbon monoxide). Generally, values of Tq. listed are 
those available in the literature j for these, references are given in the 
table. For hydrogen-argon-"air", hydrogen- helium- "air", hydrogen- oxygen, 
and acetylene-oxygen systems, recent values were not readily available. 

For these systems T tt was calculated by the method of reference 25. 

According to the table, there is no relation between gf and its 

pressure exponent. In particular, the exponent for the acetylene-air 
system seems abnormally low. It is possible, however, that the deter- 
mination of the pressure exponent is so sensitive to small errors inherent 
in a particular method that reliable values for the variation of the ex- 
ponent could be expected only from a single set of self-consistent experi- 
mental data. Nevertheless, there appears to be a relation between g 0 

and the adiabatic flame temperature. Figure, 14 shows that when 
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0.857 log gf is plotted against l/T a , data for all five hydrocarbon 

systems lie on a straight line. Data for the four hydrogen-containing 
systems fall on a separate line whose slope is slightly less negative than 
that of the hydrocarbon line. If one assumes the simplest kind of re- 
lation between the reaction rate in the flame and the adiabatic flame 
temperature 


"^act/^®n 

to <x 0.857 In gf oc e (21) 

then the slopes in figure 14 should give values for an activation energy. 
Values obtained are 66 kilocalories per mole for hydrocarbon flames and 
44 kilocalories per mole for hydrogen flames . These are considerably 
higher than activation energies calculated either from low-temperature 
oxidation rates or from flame properties (refs. 22 and 23) and are probably 
incorrect because of the assumed extreme simplicity of the kinetics. 

However, the apparent hydrocarbon activation energy is considerably larger 
than that for hydrogen; this difference Is also observed for flame activa- 
tion energies obtained according to other approximations. The data point 
for stoichiometric carbon monoxide - air flames lies below both the hydrogen 
and hydrocarbon lines, which seems to indicate that carbon monoxide Is 
less reactive than a hydrocarbon that burns at the same flame temperature . 
(Since the measured line-reversal temperature (ref. 12, p. 766) is very 
nearly the same as the calculated adiabatic temperature, this effect 
is not caused by a lowering of the flame temperature due to radiation.) 

This Is also true for carbon monoxide - air flames at higher pressures. 

Thus, the result at 21.4 atmospheres still lies well below the hydrocarbon 
curve (fig. 14) . By this token, then, hydrogen flames by contrast are 
rather more reactive than hydrocarbon flames at the same flame temperature. 


SUMMARY OF RESULTS 


Stability limits and burning velocities have been measured as a 
function of pressure for several fuel-oxidant systems . The results are 
summarized as follows: 


1. Stability loops qualitatively reproduced features observed for 
hydrogen-air flames. In particular, regions of laminar -turbulent trans- 
ition occurring at Reynolds numbers characteristic of cold flow in the 
burner were observed for both flashback and blowoff. The area within a 
stability loop was less, however, for the propane-oxygen-nitrogen system 
under corresponding conditions. 


2. For laminar flashback of propane-oxygen-nitrogen flames, 


fU-3lh 
gf - 3.1 ^ 
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where gf is the critical boundary velocity gradient,, is the laminar 
burning velocity, and Dq is the quenching distance between infinitely 
long parallel plates. The pressure exponent of gf was 1.13, and at a 
given pressure g^ was higher than for the hydrogen-air system. Applica- 
tion of a thermal equation for flame propagation gave a reaction order 
of 1.94. 

3. For propane -oxygen-nitrogen flames laminar and turbulent boundary 
velocity gradients at flashback were related by an expression 

(gf,t/Sf)p = A 

As with hydrogen-air flames A had an over-all value near 3. However, 
in the present case, it increased with increasing equivalence ratio. 

4. For propane-oxygen-nitrogen flames laminar blowoff was not cor- 
related satisfactorily by a critical boundary velocity gradient. However, 
turbulent blowoff velocity was more nearly independent of burner diameter 
than for hydrogen-air flames and showed about the same pressure dependence 
as turbulent flashback. 

5. As with hydrogen-air flames, quenching distances for propane- 
oxygen-nitrogen flames determined from stability loops were higher than 
those determined by other methods . 

6. For hydrogen-argon-" air" and hydrogen-helium-"air" flames a 
pressure dependence of 1.51 for gf was found. Data for the two systems 

nearly coincided, and at any pressure gave values of g^ about twice as 

great as for hydrogen-air flames. A reaction order of 2.37 was calculated 
the order previously obtained for hydrogen-air flames was 2.25. 

7. No relation was observed among several fuel-oxidant systems 
between the critical boundary velocity gradient and its pressure exponent. 
However, for stoichiometric flames the critical boundary velocity gradient 
for flashback at 1 atmosphere decreased exponentially with the reciprocal 
of the adiabatic flame temperature, behaving, in this respect, as a 
chemical reaction rate . 


Lewis Flight Propulsion Laboratory 

National Adivsory Committee for Aeronautics 
Cleveland, Ohio, May 27, 1957 
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APPENDIX - SYMBOLS 

A coefficient relating critical boundary velocity gradients for 

laminar and turbulent flashback, dimensionless 

C volume fraction, dimensionless 

D burner diameter, cm 

E ac t activation energy, kcal/mole 

g critical boundary velocity gradient, sec~l 

l thickness of laminar sublayer in turbulent pipe flow, cm 

M molar weight, g 

m reaction order, dimensionless 

n pressure exponent of burning velocity, dimensionless 

P ambient pressure, cm Hg 

R gas constant, cal/ (mole) (°K) 

Re Reynolds number, dimensionless 

T temperature, °K 

U velocity, cm/ sec 

U mean stream velocity, cm/sec 

burning velocity, cm/sec 
V volume flow, cm^/sec 

a oxidant fraction, dimensionless 

8 penetration distance, cm 

p viscosity, poises 

p density, g/cm 3 

equivalence ratio, fuel-air ratio divided by fuel-air ratio for 
stoichiometric mixture 


9 
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as flame reaction rate, sec"*- 

Subscripts : 
bo blowoff 

cr critical for laminar -turbulent transition 

f flashback 

i index of su mma tion 

n normal flame conditions 

o initial conditions 

p constant pressure 

q quenching) D refers to quenching diameter or quenching distance 

M. 

between parallel plates, as indicated by context 
t turbulent 

Superscript: 

0 standard conditions or calibration condition (pressure of about 

1 atm and room temperature) 
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TABLE I. - FLASHBACK OF LAMINAR AND TURBULENT PROPANI-OX7GEN-NIT30GEN FLAKES 

[Oxidant fraction, a, 0.5JJ] 


Equiv- 

alence 

ratio, 

f 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- 

age 

flash- 

back 

veloc- 

ity, 

Uf, 

cny'aec 

— 

Reynolds 

number. 

Re 

Equiv- 

alence 

ratio, 

f 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- 

age 

flash- 

back 

veloc- 

ity, 

t 

cm/Bec 

Critical boundary 
velocity gradient 
for flashback, 
sec -1 

Reynolds 

number. 

Re 

H 

Turbulent^ 

g f,t 

Laminar, 

Sf 

Turbulent, 

®f,t 

0.60 

1.016 

18.2 

180 



307 

0.80 

1.016 

20.1 

346 

2,724 


664 



20.5 

205 



391 



23.0 

385 

3,031 


846 



22.9 

221 

■KM 


474 



25.4 

431 

3,394 


1048 



24.4 

244 

1921 


559 



28.0 

464 

3,654 


1243 



26.5 

258 

2031 


641 



30.2 

501 

3,945 


1450 



28.5 

271 

2134 


722 



31.5 

619 

4,874 


1863 



30.2 

288 

2273 


814 



29.3 

810 

6,378 


2268 



32.3 

342 

2693 


1037 



30.3 

925 


11,580 

2680 



35.5 

363 

2858 


1205 



33.0 

936 


13,110 

3085 



39.9 

382 

3008 


1428 



36.5 

884 


12,380 

3085 



42.8 

445 

3503 


1783 



41.3 

889 


13,790 

3505 



38.3 

606 

4772 


2180 



46.0 

889 


15,050 

3910 



39.7 

692 


8,396 

2577 



55.0 

902 


17,820 

4742 



43.1 

742 


10,160 

2995 



62.3 

936 


21,060 

5581 



48.2 

750 


11,260 

3392 



73.5 

910 


22,850 

6398 



45.9 

690 


9,310 

2960 


1.459 

8.5 

140 

768 


163 



51.6 

695 


8,319 

3364 



6.9 

158 

866 


194 



57.5 

700 


10,400 

3761 



9.3 

175 

960 


224 



65.6 

675 


12,000 

4158 



9.7 

213 

1,168 


284 



72.1 

675 


12,910 

4562 



10.5 

238 

1,305 


544 


1.453 

12.8 

160 

877 


276 



11.4 

258 

1,415 


404 



13.5 

182 

998 


331 



12.1 

279 

1,530 


465 



14.6 

199 

1091 


391 



12.9 

298 

1,634 


527 



15.5 

215 

1179 


448 



13.4 

322 

1,766 


593 



16.3 

230 

1261 


506 



14.8 

361 

1,979 


73* 



17.2 

248 

1360 


574 



16.2 

391 

2,144 


069 



18.7 

279 

1530 


704 



17.4 

427 

2,341 


1016 



20.5 

305 

1672 


842 



18.7 

506 

2,774 


1302 



22.1 

331 

1815 


978 



20.7 

557 

3,054 


1584 



24.2 

384 

2105 


1250 



19.3 

705 

3,870 


1868 



26.2 

431 

2363 


1520 



19.6 

800 

4,390 


2154 



26.6 

503 

2758 


1800 



21.9 

815 

4,469 


2450 



25.7 

605 

3317 


2091 



22.9 

870 


7,708 

2736 



25.4 

690 

3783 


2361 



28.1 

861 


8,900 

3318 



28.4 

616 


4,833 

2351 



31.4 

903 


10,620 

3900 



30.8 

635 


5,452 

2631 



35.2 

886 


11,240 

4288 



32.5 

665 


6,190 

2911 



39.0 

895 


12,430 

4798 



37.0 

640 


6,412 

3191 



42.1 

930 


14,130 

5370 



44.7 

625 


7,126 

3751 



46.3 

936 


15,450 

5952 



47.3 

637 


7,724 

4051 



48.5 

980 


17,380 

6513 



51.5 

628 


8,063 




57.3 

974 


19,650 

7657 




4351 










53.7 

640 


8,638 

4631 

1.00 

0.546 

24.9 

122 

1,780 


159 



56.7 

640 


9,024 

4891 



25.3 

152 



201 



61.5 

665 


10,300 

5501 



26.8 

202 

2,940 


264 










28.7 

244 



366 

0.80 

0.546 

28.4 

241 

3531 


353 







30.3 

278 

4073 


433 



30.1 

286 

4,190 


452 



32.6 

308 

4513 


515 



32.1 

328 

4,806 


538 



35.0 

330 

4835 


595 



34.1 

346 

5,070 


618 



38.1 

385 

5641 


753 



37.4 

414 

6,050 


789 










40.9 

444 

6,505 


951 



40.9 

434 

6370 


913 










45.0 

465 

6813 


1074 



42.5 

505 

7,399 


1121 



48.4 

498 

7297 


1238 



45.4 

521 

7,634 


1240 










50.2 

621 

9,099 


1637 


1.016 

14.9 

194 

1528 


277 



55.1 

705 

10,330 


2027 



15.8 

211 

1661 


320 



62.2 

743 

10,890 


2421 



17.1 

247 

1945 


405 










17.7 

289 

2276 


491 



64.9 

827 

12,120 


2811 



19.0 

318 

2504 


577 



71.5 

961 

14,080 


3602 



20.2 

336 

2646 


6 46 
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TABLE I. - Conduced. FLASHBACK OF LAMINAR AND TURBULENT PROPANE-OXYCEN-NITROOEN FLAMES 


[Oxidant fraction, a, O.S.] 


Equiv- 

alence 

ratio. 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- 

age 

flash- 

back 

veloc- 

ity, 

cn/eec 

Critical boundary 
velocity gradient 
for flashback, 
aec”i 

Reynolds 

number. 

Re 

Equiv- 

alence 

ratio, 

* 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- • 
age 

flash- 

back 

veloo- 

lty, 

If* 

am/ sec 

Critical, boundary 
velooity gradient 
for flashback, 
aeo-1 

Rey 

num 

nolds 

ber. 

Re 

m 

1 



Turbulent 

g f,t 


1.00 

1.016 

10.9 

102 

805 


108 

1.25 

0.546 

28.0 

255 

5736 


387 



11.4 

138 

1089 


153 



29.9 

295 

4322 


475 



12.5 

161 

1269 


197 



32.3 

324 

4747 


563 



12.9 

195 

1535 


244 



34.4 

351 

5142 


647 



14.2 

240 

1890 


334 



38.0 

403 

5904 


823 



15.4 

28L 

2213 


424 


1/016 

12.1 

171 

1346 


207 



17.6 

298 

2346 


511 



12.9 

197 

1551 


254 



16.4 

336 

2646 


603 



13.5 

225 

1772 


302 



19.5 

363 

2858 


691 



14.5 

243 

1913 


348 



20.7 

387 

3047 


782 



15.4 

287 

2260 


442 



21.9 

408' 

3213 


871 



16.7 

321 

2520 


537 



22.4 

414 

3260 


905 



19.9 

351 

2764 


700 



24.0 

448 

3528 


1048 



22.5 

405 

3189 


922 



23.9 

480 

3780 


1121 



25.1 

455 

3589 


1143 



25.2 

545 

4291 


1342 



26.9 

503 

3961 


1353 



26.6 

596 

4693 


1560 



28.5 

558 

4394 


1591 



26.4 

641 ; 

5047 


1777 



27.5 

736 

5795 


2030 



26.9 

757 

5961 


1988 



28.2 

875 

6890 


2469 



26.9 

838 

6598 


2205 



26.6 

921 


10, 740 

2454 



26.9 

922 . 

7260 


2496 



27.9 

1040 


13,890 

2906 



27.6 

868 


9,747 

2336 



30.2 

1110 


16,650 

5361 



28.9 

983 


12,570 

2771 



33.5 

1140 


18,950 

3822 



31.9 

1026 


14,660 

3192 



36.3 

1178 


21, 420 

4276 



35.4 

1051 


16,770 

3635 



42.3 

1226 


25,970 

5176 



36.4 

1064 


18,870 

4062 







— 

— 









1.459 

7.9 

127 

696 


145 



45.4 

1110 


22, 740 

4919 



8.1 

153 

839 


178 



52.4 

1130' 


28,910 

5789 



8.5 

173 

949 


211 



55.2 

1155 


28,500 

6225 



8.8 

193 

1058 


244 



58.6 

1168 


30,280 

6660 



9.4 

230 

1261 


310 


1.459 

6.1 

62 

340 


60 



10.2 

256 

1404 


376 



6.5 

83 

455 


75 



11.1 

307 

1683 


490 



7.3 

104 

570 


107 



12.5 

358 

1963 


644 



7.9 

125 

685 


138 



13.8 

403 

2210 


799 



0.2 

148 

811 


170 



14.6 

445 

2440 


946 



0.6 

167 

916 


201 



15.9 

617 

2835 


1108 



9.0 

184 



232 



17.4 

564 

3092 


1410 



9.6 

221- 

1212 


297 



19.0 

634 

3476 


1729 



10.2 

251 

1376 


358 



17.7 

798 

4575 


2029 



10.8 

278 

1524 


421 



17.7 

924 

5066 


2349 



11.5 

290 



468 




: m 


8,789 

2659 



13.0 

337 

1848 


615 



siH 

HIT! 9 


H 

o 

o 

*- 

o 

2979 



14.7 

370 

2029 


764 



22.8 

1100 


12,190 

3620 



16.0 

407 

2232 


912 



23.9 

1160 


13,880 

5983 



16.8 

450 

2467 





30.3 

1200 


17,860 

5232 



18.2 

529 



1349 



34.0 

1198 


19,470 

5841 



19.7 

598 

3279 


1648 



34.6 



22,930 

6471 



18.1 

769 " 

4216 


1948 

1.45 


19.7 

247 

1945 


( 




19.5 

622 

4507 


2250 


■bBH 

23.1 

309 

2433 






19.5 

935 


7,834 

2552 



25.7 

364 

2866 






20.7 

985 


9,026 

2854 


■ 

28.3 

411 

3236 






24.7 

994 


10,570 

3438 



30.7 

453 

3567 






27.3 

965 


10,860 

3688 



32.4 

498 

5921 






28.1 

1048 


12,920 

4136 


• ■ mSe 

30.2 

606 

4772 


' 




29.6 

1045 


13,370 

4334 











31.7 

1039 


14,010 

4626 


1.459 

12.8 

271 

1486 













13.9 

328 

1798 



£^9 



32.3 

1095 


15,660 

4960 



15.8 

360 

1974 

^9 

^9 




34.2 

1160 


18,160 

5574 



16.9 


2195 






38.2 

1155 


19,660 

6188 j 



17.8 

441 


u 





42.2 

1150 


21,070 

6782 



18.7 

479 




■ 










19.9 

505 



■ 

91 


e No values of Re were computed, since all flames were in normal laminar region. 
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TABLE II. - BLOWOFF OF LAMINAR AND TURBULENT PROPANE- OXYCEN- NITROGEN FLAMES 


{Equivalence ratio, <p, 1.00; oxidant fraction, a, O.5.] 


Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Eg 

Aver- 

age 

blow- 

off 

veloc- 

ity, 

Ubo* 

cm/sec 

Critical boundary 
velocity gradient 
for blovoff, 
sec -1 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- 

age 

blow- 

off 

veloc- 

ity, 

Ubo* 

cm/sec 

Critical boundary 
velocity gradient 
for blowoff, 
sec _ l 


Turbulent, 

®bo,t 

Laminar, 

®bo 


0.311 

19.0 

913 

23,490 


0.546 

50.4 

2550 

37; 




19.7 

1133 

29,140 



60.5 

2330 



118,700 


21.1 

1308 

33,050 



64.0 

2370 



126,300 


22.8 

1432 

36,830 



70.7 

2260 



131,400 


24.3 

1550 

39,870 


a 0.546 

24.1 

2190 



51,840 


25.6 

1880 

48,360 



30.6 

2220 



64,610 


28.3 

2050 

52,730 



36.6 

2290 



78,610 


30.9 

2213 

56,920 



41.6 

2370 



92,530 


32.7 

2320 

59,680 



47.4 

2400 



106,100 


35.8 

2785 

71,640 



53.9 

2390 



115,800 


39.3 

3140 

80,770 



58.4 

2470 



131, 600 

0.546 

8.4 

361 

4,980 



63.9 

2480 



144,200 


8.4 

456 

6,681 


1.016 

7.4 

149 

Cb) 



8.7 

623 

9,128 



7.1 

221 





9.0 

775 

11,350 



6.8 

296 





9.3 

917 

13,440 



6.0 

418 


r 



10.1 

1016 

14,890 



5.9 

580 

4; 

567 



10.9 

1082 

15,850 



6.2 

700 

5; 

512 



11.6 

1300 

19,050 



6.3 

833 

6; 

559 



12.6 

1440 

21,100 



6.5 

950 

7; 

480 



13.2 

1620 

23,740 



6.9 

1026 


079 



13.3 

1780 

26,080 



7.4 

1080 

8; 

504 



15.1 

2055 

30,110 



7.8 

1142 

8; 

992 



16.7 

2310 

33,850 



8.2 

1130 

8; 

898 



17.7 

2610 

38, 240 



8.2 

1310 

10, 

310 



19.7 

2720 

39,850 



9.1 

1262 

9; 

937 



22.2 

3090 

45, 270 



9.5 

1450 

Hj 

420 



26.3 

3180 

46,590 



9.9 

1614 

12, 

710 



27.5 

3600 

52,750 



10.6 

1716 

13, 

510 



33.7 

2350 

34,430 



11.3 

1805 

14; 

210 



a With packed inlet. 

^Partially quenched; not shown In fig. 8 
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TABLE II. - Concluded. BLOWQEF OF LAMINAR AND TURBULENT 
PROPANE-OXYGEN-NITROGEN FLAMES 
[Equivalence ratio, <p, l.OOj oxidant fraction, a, 0.5. ] 


Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- 

age 

blow- 

off 

veloc- 

ity, 

v 

cm/sec 

Critical boundary 
velocity gradient 
for blovoff , 
sec"i 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Eg 

Aver- 

age 

blow- 

off 

veloc- 

ity, 

v 

cm/sec 

Critical boundary 
velocity gradient 
for blcwoff , 
sec“i 

Laminar, 

®bo 

Turbulent, 

®bo,t 

Laminar) 

®bo 

Turbulent, 

®bo,t 

1.016 

13.7 

1745 



19,590 

1.459 

4.7 

710 

3,893 



13.9 

1785 



21,010 


5.1 

860 

4,716 



15.4 

1840 



23,330 


5.5 

990 

5,428 



17.4 

1876 



26,970 


5.8 

1024 

5,615 



19.1 

1950 



31,080 


6.0 

1259 

6,903 



20.2 

2060 



35,910 


6.4 

1505 

8,252 



22.7 

2220 



45,230 


6.8 

1730 

9 ',480 



27.4 

2160 



49,880 


7.5 

1850 

10,140 



28.9 

2200 



53,790 


8.8 

1820 

9,980 



31.2 

2180 



56,510 


10.5 

1736 


14,500 

1.459 

4.6 

93 

(a) 



11.8 

1725 


15,790 


4.5 

119 





13.6 

1800 


19,200 


4.4 

173 





15.3 

1929 


23,770 


4.4 

224 





14.6 

1800 


20,170 


4.4 

275 





16.6 

1800 


23,890 


4.5 

319 





17.7 

1860 


25,060 


4.7 

353 





18.6 

1905 


27,170 


4.6 

460 

2, 

522 



20.9 

1900 


29,490 


4.6 

563 

s, 

087 



21.7 

2030 


34,550 


4.8 

627 

3, 

438 



23.3 

2080 


37,860 


a Partially quenched; not shown in fig. 8. 
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TABLE III. - FLASHBACK OF LAMINAR HYDROGEN -AIR FLAMES 


(a) Diluent, argon 


Equiv- 

alence 

ratio, 

<P 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

cm Hg 

Aver- 

age 

flash- 

tack 

veloc- 

ity, 

% 

cm/sec 

Critical 

boundary 

velocity 

gradient 

for 

laminar 

flashback, 

Bf, 

sec - ^ 

Equiv- 

alence 

ratio, 

<P 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- 

age 

flash- 

back 

veloc- 

ity, 

U f , 

cm/sec 

Critical 

boundary 

velocity 

gradient 

for 

laminar 

flashback, 

sec“i 

0.90 

0.546 

39.1 

330 

4,834 

1.10 

1.016 

19.0 

266 

2,091 



41.8 

349 

5,113 



20.7 

296 

2,327 



43.1 

380 

5,567 



22.0 

327 

2,575 



46.3 

429 

6,285 



22.9 

359 

2,827 



49.3 

473 

6,929 



23.1 

368 

2,898 



51.5 

519 

7,603 



25.6 

429 

3,378 



51.1 

540 

7,911 



28.5 

474 

3,732 



55.6 

641 

9,390 



30.9 

519 

4,087 



59.8 

732 

10,720 



32.6 

568 

4,472 



63.1 

824 

12,070 



34.8 

675 

5,315 



70.4 

853 

12,500 



32.5 

877 

6,905 


1.016 

18.5 

175 

1,378 

1.50 

0.546 

29.9 

307 

4,498 



19.6 

190 

1,496 



31.4 

357 

5,230 



20.3 

208 

1,638 



33.6 

395 

5,787 



20.8 

227 

1,787 



36.0 

426 

6,241 



22.1 

259 

2,043 



39.1 

498 

7,296 



23.6 

286 

2,252 



42.1 

560 

8,204 



24.9 

306 

2,409 



45.1 

615 

9,010 



24.8 

310 

2,441 



48.7 

674 

9,874 



27.1 

380 

2,992 



53.2 

799 

11,700 



30.1 

421 

3,315 



57.5 

905 

13,260 



32.0 

476 

3,748 



62.0 

996 

14,590 



34.1 

509 

4,008 



65.6 

1085 

15,890 



36.7 

600 

4,724 








34.0 

785 

6,181 


1.016 

17.1 

259 

2.039 








18.4 

306 

2,409 

1.10 

0.546 

31.8 

258 

3,780 



20.0 

341 

2,685 



32.5 

310 

4,542 



21.5 

373 

2,937 



34.4 

347 

5,084 



22.8 

404 

3,181 



36.0 

383 

5,612 



23.1 

410 

3,228 



40.0 

437 

6,403 



25.6 

479 

3,772 



41.8 

506 

7,414 



27.9 

538 

4,236 



44.8 

556 

8,147 



29.9 

596 

4,693 



47.1 

605 

8,864 



31.8 

647 

5,094 



47.7 

617 

9,040 



34.5 

760 

5,984 



51.4 

739 

10,830 



33.3 

953 

7,504 



56.6 

825 

12,090 
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TABLE III. - Continued. FLASHBACK OF LAMINAR HYDRO (SIN- AIR FLAMES 


(a) Concluded. Diluent, argon 


Equiv- 

alence 

ratio, 

<P 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

P, 

cm Hg 

Aver- 

age 

flash- 

back 

veloc- 

ity, 

Uf, 

cm/sec 

Critical 

"boundary 

velocity 

gradient 

for 

laminar 

flashback, 

S f 

sec“ x 

Equiv- 

alence 

ratio, 

<P 

Burner 

diam- 

eter, 

D, 

cm 

Ambi- 

ent 

pres- 

sure, 

cm Hg 

Aver- 

age 

flash- 

back 

veloc- 

ity, 

, 

cm/sec 

Critical 

boundary 

velocity 

gradient 

for 

laminar 

flashback, 

Sf, 

sec" x 

1.80 

0.546 

28.0 

274 

4,014 

2.25 
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Figure 1, - Combustion apparatus. 
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Figure 2. - Burning velocity as function of equivalence ratio at various pressures for 
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Figure 4. - Flashback of propane-oxygen-nltrogen flames. 
0.5. 
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Figure 4. - Concluded. Flashback of propane -oxygen-nitrogen flames* Oxygen fraction of oxidant, 0.5- 
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(a) laminar flames. 



Equivalence ratio, v 
(b) Turbulent flames. 


Figure 5. - Flashback critical boundary velocity gradient as function of equivalence ratio for propane- 
oxygen-nitrogen flames. Ambient pressure, 30 centimeters of mercury. 
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Figure 7. - Stability loops for propane-oxygen-nitrogen flames. Equivalence ratio, 1.00; oxygen fraction of 
oxidant, 0.5. 
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Ambient pressure, P, cm Hg 

Figure 10. - Quenching diameter as function of pressure. 
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Figure 11. - Flashback of laminar hydrogen-argon- '’air" flames. 
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Figure 11. - Continued. Flashback of laminar hydrogen-argon-"air" flames 







Ambient pressure, P, cm Hg 


46 


NACA T3J 4031 


100 

80 

60 

40 

30 

20 


2,000 4,000 6,000 10,000 20,000 

Critical boundary velocity gradient, g f , sec" 1 

d log g f 

(e) Equivalence ratio, 2.25; § i 0 g 1, 22. 

Figure 11. - Concluded. Flashback of .laminar hydrogen- 
argon-” stir" flames. 
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Figure 12. - Flashback of laminar hy dr og en-hel ium- " air " flames. 
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Figure 15. - Flashback critical boundary velocity gradient as function of composition for laminar 
hydrogen- argon- " air" flames . 
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Figure 14. - Stoichiometric critical boundary velocity gradient 
as function of adiabatic flame temperature. 
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